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Abstract An electron ion collider has been proposed in China (EicC). It would provide highly-
polarised electrons (80%), protons and 3He (70%), and ion beams, from carbon to uranium, with
centre-of-mass energy ranging from 10−20 GeV and luminosity 2−4×1033cm−2s−1. The EicC would
be uniquely placed in the evolving accelerator landscape. This discussion highlights its potential to
address issues that are central to understanding the emergence of mass within the Standard Model,
using examples that range from the exploration of light-meson structure, through measurements of
near-threshold heavy-quarkonia production, and on to studies of the spectrum of exotic hadrons.
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21 Introduction
No single date can be identified as the beginning of the modern era in nuclear and particle physics;
but one can, perhaps, associate the dawning of this new age with discovery of the proton [1–4].
Today, one century and more than fifty Nobel Prizes later, the Standard Model of Particle Physics
(SM) [5] “. . . offers a description of all known fundamental physics except for gravity, and gravity is
something that has no discernible effect when particles are studied a few at a time.” With discovery
of the Higgs boson [6, 7], the SM is now complete. Yet, some very fundamental questions remain
unanswered; arguably most important amongst them: Whence mass?
When considering the origin of mass, the Higgs boson is important, as recognised by the Nobel
Prize awarded to Englert and Higgs [8, 9]: “for the theoretical discovery of a mechanism that con-
tributes to our understanding of the origin of mass of subatomic particles . . . ”. However, the Higgs
boson alone is responsible for . 2% of the visible mass in the Universe. The remainder is contained
in nuclei. Moreover, since the atomic weight of a given nucleus is approximately just the sum of the
masses of all the neutrons and protons (nucleons) it contains, then almost all that atomic weight is
lodged within the nucleons. Each nucleon has a mass mN ∼ 1 GeV, i.e. approximately 2000-times
the electron mass, me. The Higgs boson produces me, but what generates mN? This is the question
posed above; and it is pivotal to the development of modern physics: how can science understand
and explain the emergence of hadronic mass?
Emergent hadronic mass (EHM) is seemingly ubiquitous. For consider that chromodynamics
is a local non-Abelian gauge field theory. As with all such theories formulated in four spacetime
dimensions, no mass-scale exists in the absence of Lagrangian masses for the elementary degrees
of freedom. There is no dynamics in a scale-invariant theory, only kinematics: the theory looks the
same at all length-scales and bound states are impossible. Accordingly, our Universe cannot exist.
As already indicated, a spontaneous breaking of symmetry, a` la the Higgs mechanism, does not solve
this problem. Further highlighting the issue, mN is roughly 100-times larger than the Higgs-generated
current-masses of the light u- and d-quarks, the valence degrees-of-freedom which define a nucleon,
and the Lagrangian gluons are massless [10].
On the other hand, Nature supports composite Nambu-Goldstone (NG) bosons [11, 12]: pions
and kaons are massless in the absence of a Higgs mechanism and possess atypically small masses
when the Higgs couplings to light quarks are nonzero. This is especially true of the pion, whose mass
is similar to that of the µ-lepton [10]. In these systems, the strong interaction’s 1 GeV mass-scale
is hidden. Here, dynamical chiral symmetry breaking (DCSB) is the active agent; and DCSB is a
material consequence of EHM.
Within the SM, nucleons, pions, kaons, etc., collectively known as hadrons, are believed to be
described by quantum chromodynamics (QCD). In this theory, all hadrons are composites, built
from quarks and/or antiquarks (matter/antimatter fields), held together by forces produced by the
exchange of gluons (gauge fields). These forces are unlike any previously encountered. Extraordinarily,
e.g. they become weaker than Coulombic when two quarks are brought close together within a
nucleon [5, 13, 14]. However, all attempts to remove a single quark from within a nucleon and isolate
it in a detector have failed. Seemingly, then, the forces become huge as the separation between
quarks is increased [15]. This brings the confinement problem to the foreground, some aspects of
which are covered in the Yang-Mills Millennium Problem defined by the Clay Mathematics Institute
[16]. Confinement is critical because it ensures absolute stability of the proton. In the absence of
confinement, protons in isolation could decay; the hydrogen atom would be unstable; nucleosynthesis
would be a chance event, having no lasting consequences; and without nuclei, there would be no stars
and no living Universe. Without confinement, our Universe cannot exist. Crucially, many sound
arguments indicate that confinement and EHM are inextricably linked [17].
This is already a long list of challenges and conundrums. There are more. Yet, our Universe does
exist. EHM within QCD is a large part of the solution to the puzzles; and as science plans for the
next thirty years, solving the problem of EHM has become a grand challenge: it marks the SM’s last
frontier. A new generation of experimental facilities are being developed in order to chart the way
across. Amongst them, the Beijing Electron Positron Collider (BEPC) [18], the 12 GeV Jefferson
Laboratory (JLab) [19–22] and the large hadron collider beauty experiment (LHCb) [23] are already
in operation and revealing surprises; and a new QCD facility (COMPASS++/AMBER) is planned
at the European Laboratory for Particle Physics (CERN) [24]. Further into the future, an electron
3Fig. 1 Comparison between the luminosity and centre-of-mass (c.m.) energy coverages of some existing,
planned, and discussed facilities.
ion collider (EIC) is expected to be built at Brookhaven National Laboratory (BNL) [25], at a cost
of between $1.6-billion and $2.6-billion, and an EIC in China (EicC) is under discussion [26–28]. The
primary goal of each of these machines is to complete an array of carefully planned experiments that
will provide the information necessary to understand and explain EHM. Our discussion will describe
a few of the many opportunities that might be exploited with the EicC. As illustrated by Fig. 1, with
current design specifications the EicC could both neatly fill a gap between JLab at 12 GeV and the
EIC at BNL and develop a powerful synergy with COMPASS++/AMBER.
We begin in Sect. 2 by discussing additional aspects of EHM and its consequences. Section 3
then describes examples of light-hadron structure observables, accessible at EicC, which possess
the capacity to reveal aspects of the mechanism(s) responsible for EHM. Section 4 complements
and extends Sect. 3, presenting the results of simulations that demonstrate the viability of meson
structure studies at EicC and highlighting additional efforts aimed at quantitative measurements of
both the Higgs-boson contribution to the proton mass and proton GPDs. The survey of opportunities
is extended in Sect. 5, adding explanations of how understanding the hadron spectrum, especially
the exotic states discovered in the past twenty years, and related experiments at EicC can assist in
understanding EHM. Section 6 is an epilogue.
2 Emergent Hadronic Mass
In field theory, scale invariance is expressed in conservation of the dilation current
∂µDµ = ∂µ(Tµνxν) = Tµµ = 0 , (1)
where Tµν is the theory’s energy-momentum tensor, which satisfies ∂µTµν = 0 owing to energy
and momentum conservation. The disastrous consequences of scale invariance that were explained
in the Introduction, e.g. the impossibility of bound states, are avoided in Nature through the in-
strument of quantum effects. In quantising QCD, regularisation and renormalisation of (ultraviolet)
divergences introduces a mass-scale, ζ. Consequently, mass-dimensionless quantities and other “con-
stants” become dependent on ζ, an outcome known as “dimensional transmutation”. This entails
the appearance of a trace anomaly, i.e. dynamical violation of Eq. (1):
Tµµ = β(α(ζ))
1
4 G
a
αβG
a
αβ =: Θ0 , (2)
where β(α(ζ)) is QCD’s β-function, α(ζ) is the associated running-coupling and Gaαβ(x) is the gluon
field strength tensor [29]. Thus, a mass-scale emerges as an integral part of QCD’s quantum defini-
tion. This energy-scale is manifest in the gluon vacuum polarisation. Owing to gauge sector dynamics,
a Schwinger mechanism is active in QCD [30–35]. It is likely that aspects of the relation between
4QCD’s gluons (gauge-bosons) and Θ0 could be elucidated by studies of hadron states in which the
presence of glue determines the quantum numbers, such as hybrid hadrons. The studies described in
Sect. 5 relate to this.
Having established that a trace anomaly exists, one arrives at a basic question: Can one under-
stand the magnitude of the associated mass-scale? For strong interactions, its size can readily be
measured. Consider the expectation value of the energy-momentum tensor in the proton:
〈p(P )|Tµν |p(P )〉 = −PµPν . (3)
The right-hand-side follows from the equations-of-motion for a one-particle proton state. In the chiral
limit, i.e. absent Higgs couplings to QCD,
〈p(P )|Tµµ|p(P )〉 = −P 2 = m2p = 〈p(P )|Θ0|p(P )〉 ; (4)
hence, it is possible to conclude that the entirety of the proton mass is produced by gluons. The
trace anomaly is manifestly large. That size must logically owe to gluon self-interactions, which are
also responsible for asymptotic freedom. This is what is intended by the oft repeated statement [36]:
“The vast majority of mass comes from the energy needed to hold quarks together inside nuclei.” As
discussed in Sect. 4.1, it might be possible to access current-quark-mass corrections to the Θ0 part of
the proton mass via the production of J/ψ and Υ mesons at threshold [37–39], through which colour
van der Waals forces could be accessible [40].
It is possible, however, to take a different perspective. Once more, consider the chiral limit and
ask the question: What is the expectation value of the trace of the energy-momentum tensor in the
pion? The answer is simple:
〈pi(k)|Θ0|pi(k)〉 = −kµkµ = m2pi = 0 , (5)
i.e. identically zero. One na¨ıve interpretation of Eq. (5) is that in the chiral limit the gluons disappear;
hence, contribute nothing to the pion mass. If this were true, then one would be faced with new
conundrums, e.g.: it would mean that at large resolving scales, ζ  mN , the proton is full of gluons,
whereas the pion contains none; and this remains true as ζ increases further. Such a situation appears
to be forbidden by QCD evolution [41–44] (DGLAP), which demands that gluons dominate within
every hadron on the neighborhood mN/ζ ' 0 [45]. So, are there gluons in the pion or not? Theoretical
ideas and experiments are sketched herein that may provide an answer to this fundamental question.
A more reasonable explanation of Eq. (5) is that “zero” owes to destructive interference between
competing effects, viz. one-body dressing and two-body interactions; and the cancellation is exact
in the chiral-limit pion owing to DCSB. Phenomenological analyses of existing data [46–49] support
this view, reporting that approximately half the pion’s light-front momentum is carried by gluon
partons [50, 51], roughly matching the proton result.
In any event, Eqs. (4) and (5) present Science with a remarkable dichotomy. They entail that it is
insufficient to answer only the question “Whence the proton’s mass?” EHM is not understood unless
an answer is simultaneously provided to the equally fundamental puzzle: “Whence the absence of
a pion mass?” The mass-scale that defines nuclear physics, mN , must emerge at the same time as
scale invariance is seemingly preserved in the chiral limit NG modes; and these modes must remain
massless irrespective of the value taken by mN .
The trace anomaly has impacts at all levels within QCD. Perhaps the most unexpected mani-
festation is found with gluons. These gauge bosons are massless in the Lagrangian and they remain
massless at all orders in perturbation theory. However, as first suggested almost forty years ago, ow-
ing to strong nonlinear dynamics in QCD’s gauge sector, gluons acquire a running mass. It is large
at infrared momenta, being characterised by a renormalisation group invariant (RGI) mass-scale
m0 ∼ mN/2 [52]. The appearance of this mass-scale does not alter any Slavnov-Taylor identities
[53, 54]; hence, all aspects and consequences of QCD’s BRST invariance [55, 56] are preserved.
The appearance of a gluon mass is potentially critical to the existence of QCD. This can be
explained by returning to the question of confinement. One of the earliest attempts to understand
this phenomenon followed immediately upon the demonstration of asymptotic freedom [5, 13, 14] in
the QCD running coupling. The associated appearance of a Landau pole in the infrared gave rise to
the notion of infrared slavery, i.e. confinement owing to a divergent coupling in the far-infrared; but
to go further, one needs a calculable nonperturbative running coupling [57, 58].
5Fig. 2 Solid black curve within grey band – αˆ(k2)/pi, RGI PI running-coupling computed in Ref. [52] (Cui et
al. 2020); and dot-dashed green curve – earlier result (R-Q et al. 2018) [64]. (The grey systematic uncertainty
band bordered by dashed curves is explained in Ref. [52].) For comparison, world data on the process-dependent
charge, αg1 , defined via the Bjorken sum rule [65–67], are also depicted. (The data sources are listed elsewhere
[52]. For additional details, see Refs. [34, 68, 69].) The k-axis scale is linear to the left of the vertical partition
and logarithmic otherwise. The vertical line, k = mG, marks the gauge sector screening mass, Eq. (7).
The running coupling that characterises QED [59] is the best understood [10]. In addition to being
RGI, this “Gell-Mann–Low” effective charge is process-independent (PI) because it is completely
determined by the photon vacuum polarisation. Computing a QCD analogue is more difficult because
ghost fields do not decouple; but joining the pinch technique [30, 31, 60, 61] and background field
method [62], one can make QCD “look” Abelian. This scheme enables one to systematically rearrange
classes and sums of diagrams in order to arrive at modified Schwinger functions that satisfy linear
Slavnov-Taylor identities [53, 54]. Amongst them is a modified gluon dressing function from which
one can compute a unique QCD running coupling, which is both RGI and PI [63].
QCD’s RGI PI effective charge is depicted in Fig. 2, in the form obtained using the most up-to-
date results from numerical simulations of lattice-regularised QCD (lQCD) [52, 64]. Owing to the
dynamical breakdown of scale invariance, expressed through emergence of the RGI gluon mass-scale
discussed above, this running coupling saturates at infrared momenta:
αˆ(0) = pi × 0.97(4) . (6)
The data in Fig. 2 are empirical information on αg1 , a process-dependent effective-charge [57, 58]
determined from the Bjorken sum rule [65–67]. Sound theoretical arguments underpin the almost
precise agreement between αˆ and αg1 [52, 63, 64]. Thus, the Bjorken sum is plausibly a near direct
means by which to gain empirical insight into QCD’s unique RGI PI effective charge.
It is plain from Fig. 2 that αˆ(k) is everywhere finite; namely, there is no Landau pole. Instead, the
theory is characterised by an infrared-stable fixed point; and the emergence of a gluon mass scale has
provided for a nonperturbative infrared completion of QCD. Now, whereas the perturbative running
coupling diverges at k = ΛQCD, where ΛQCD is the RGI mass scale that characterises perturbative
QCD (pQCD), the value of the αˆ at this point can be used to define a screening mass [70, 71]:
mG ≈ 1.4ΛQCD. This line is drawn in Fig. 2 so as to highlight that the running coupling alters
character at k ' mG: modes with k2 . m2G are screened from interactions and the theory enters
a practically conformal domain. Evidently, k = mG draws a natural border between soft and hard
physics. Hence, it is a natural candidate for the “hadronic scale”, viz.
ζH = mG (7)
is the infrared resolving scale at which all the properties of a hadron are expressed by the dressed
quasiparticles that form bound-state kernels and emerge as the self-consistent solutions of the as-
6sociated equations [70, 71]. The diverse features of αˆ(k) make it a strong contender for that object
which properly represents the interaction strength in QCD at any given momentum scale [57].
Having seen that the existence of a trace anomaly enables the appearance of a large gluon mass-
scale, it is natural to enquire after the matter sector. Here the answer was anticipated roughly sixty
years ago [72]. It is best described in terms of the propagator for a dressed-quark with flavour f ,
which has the form
Sf (k; ζ) = 1/[iγ · k Af (k2; ζ2) +Bf (k2; ζ2)] = Zf (k2; ζ2)/[iγ · k +Mf (k2)] , (8)
where Mf (k
2) is the RGI running mass. Sf (k) is the solution of a QCD gap equation; and as a unique
PI effective charge, αˆ sets the strength of interactions in all QCD’s equations of motion, including
the gap equations. It therefore plays a crucial role in determining the fate of chiral symmetry, i.e.
the dynamical origin of light-quark masses in the SM even in the chiral limit. With αˆ(k) as depicted
in Fig. 2, a nonzero mass function, M(k), is found to emerge as the solution in the absence of a Higgs
coupling, with M(0) ≈ mN/3 [73]. This is the basic signature of DCSB; namely, the emergence
of mass from nothing. DCSB is expressed in hadron wave functions [32, 74–76]; and given that
3 ×M(0) ≈ mN , there is a firm theoretical position from which one can argue that DCSB is the
immediate source for more than 98% of the visible mass in the Universe.
One can now begin to return to Eq. (5). In QCD, the pion is described by a Bethe-Salpeter
amplitude with four distinct Dirac-matrix structures and associated scalar functions [77]. Denote by
E(k2, k ·P ) that term which is typically described as the pion’s pseudoscalar component, where P is
the bound-state’s total momentum and k is the relative momentum between the valence constituents.
Then in the absence of Higgs couplings, a massless NG pion emerges if, and only if, chiral symmetry
is dynamically broken and
f0piEpi(k; 0) = B(k
2) , (9)
where f0pi is the chiral-limit value of the pion’s leptonic decay constant. This identity is the most
fundamental expression of the Nambu-Goldstone theorem in QCD. It is true in any covariant gauge
and independent of the renormalisation scheme. It means the two-body problem is solved, nearly
completely, once the solution to the one body problem is known. Such a correspondence is impossible
in any quantum mechanical model. Since B(k2) 6= 0 is a direct expression of EHM in QCD’s matter
sector, then Eq. (9) entails, enigmatically, that the qualities of the nearly-massless pion are the
clearest expression of the mechanism responsible for virtually all visible mass in the Universe.
As detailed in Ref. [17], Eq. (9) is the basis for an algebraic proof of Eq. (5), viz. the pion is
massless in the chiral limit, irrespective of the emergence of a large gluon mass scale which drives
mN to 1 GeV. In fact, Eq. (9) is necessary and sufficient to ensure that the sum of the dynamically
generated masses of the quark and antiquark is precisely cancelled by the attractive interaction
energy between these dressed constituents in the pseudoscalar channel:
Mdressedquark +M
dressed
antiquark + U
dressed
quark−antiquark interaction
chiral limit≡ 0 . (10)
This guarantees the disappearance of the scale anomaly in the chiral-limit pion. Eq. (10) is not merely
“hand-waving”. Rather, it sketches the cancellations that take place in the pseudoscalar projection
of the fully-dressed quark+antiquark scattering matrix, which can be displayed rigorously [78–80].
Switching on the Higgs couplings, so that the light-quarks possess their small current-masses
(m ∼ 7me), then DCSB is responsible for, inter alia: the physical size of the pion mass (mpi ≈
0.15mN ); the large mass-splitting between the pion and its valence-quark spin-flip partner, the ρ-
meson (mρ > 5mpi); and the natural scale of nuclear physics, mN ≈ 1 GeV. Interesting things also
happen to the kaon. Like a pion, but with one of its light quarks replaced by a strange-quark, the
kaon possesses a mass mK ≈ 0.5 GeV. In this case, a competition is taking place between dynamical
and Higgs-driven mass generation [70, 71, 81–83]: all differences between the pion and kaon owe to
Higgs-induced modulations of EHM.
In closing this section it is worth recapitulating some general rules for hadron masses [84]: (i)
estimates based on notions familiar from relativistic quantum mechanics typically arrive at only
∼ 1% of a hadron’s mass – hence, the Higgs mechanism alone is responsible for just ∼ 1% of visible
mass; (ii) the contribution of the current-mass term in QCD’s Lagrangian is strongly enhanced as
a consequence of EHM, in particular for the pion; and (iii) in all systems for which no symmetry
ensures Eq. (10), EHM is key to more than 98% of a hadron’s mass. It is worth highlighting that these
7features lay the foundation which guarantees, inter alia, accuracy of equal spacing rules in the hadron
spectrum [85–88]. Finally, any attempt in quantum field theory to isolate distinct contributions to
a hadron’s mass is arbitrary and ambiguous. The interpretation will depend on the frame chosen
and on the scale, ζ, because these two quantities determine the active degrees of freedom [17].
For instance, each of the terms in Eq. (10) has a precise mathematical definition; but there is no
manageable decomposition of Mdressedquark into contributions from gluon- and quark-parton degrees of
freedom at any scale, even and especially when one chooses a light-front quantisation. The only
unequivocal quantities in Nature are Poincare´ invariant; so to avoid confusion, it is best to focus on
truly measurable quantities and eschew practitioner-dependent projections [21, 84, 89, 90].
3 Light-Hadron Structure
QCD’s interactions are the same in all hadrons. Hence, cancellations similar to those indicated by
Eq. (10) take place within the proton; but in the proton, no symmetry requires the cancellations
to be complete. Thus, mN is typical of the size of scale breaking in the one-body sectors, i.e. its
order-of-magnitude is set by the gluon and quark mass scales, m0 and M(0), respectively. Indeed,
a significant hadronic mass scale is impossible unless one of similar magnitude is manifest in the
dressed-propagators of gluons and quarks. Consequently, the mechanism(s) responsible for EHM can
be revealed by measurements sensitive to such dressing. Many observables possess this capacity,
e.g. [22]: spectra and static properties; form factors – elastic and transition; and all types of parton
distributions. Hereafter, we highlight some apposite observables that could be the focus of high-
impact experiments at the EicC.
3.1 Pion form factor
Precise measurement of the pion elastic electromagnetic form factor, Fpi(Q
2), has been a basic moti-
vation for high-luminosity, high-energy electron-scattering experiments for forty years because QCD
makes a very clean prediction for the large Q2 behaviour [91–93]:
∃Q0 > ΛQCD | Q2Fpi(Q2)
Q2>Q20≈ 16piα(Q2)f2piw2ϕ, (11)
where fpi = 92.2 MeV is the pion decay constant [10], α(k
2) is QCD’s running coupling, which is
indistinguishable from αˆ(k2) in Fig. 2 on any domain within which perturbation theory is valid, and
wϕ =
1
3
∫ 1
0
dx
1
x
ϕpi(x) , (12)
where ϕpi(x) is the pion’s valence-quark parton distribution amplitude (PDA). QCD also predicts
that there is a Qas such that ϕpi(x) ≈ ϕas(x) = 6x(1 − x) on Λ2QCD/Q2as ' 0. However, neither the
value of Q0 nor that of Qas are predicted by pQCD. On the other hand, they are computable in any
nonperturbative framework that veraciously expresses EHM.
The first empirical data on Fpi(Q
2) in the modern era were obtained at JLab and published in
Ref. [94]. They were followed by the reports in Refs. [95–99]. The data indicate that with momentum
transfers reaching to Q2 = 2.45 GeV2 one is still far from the resolution region wherein Eq. (11) is
valid. This conclusion is based on the assumption that inserting ϕas(x) into Eq. (11) delivers a valid
approximation at ζ2 = Q2 = 2.45 GeV2, so that
Q2Fpi(Q
2)
Q2=4 GeV2≈ 0.15 . (13)
The result in Eq. (13) is a factor of 2.7 smaller than the empirical value quoted at Q2 = 2.45 GeV2
[98]: 0.41+0.04−0.03; and a factor of three smaller than that computed at Q
2 = 4 GeV2 in Ref. [100]. When
published, Ref. [100] provided the only prediction for the pointwise behaviour of Fpi(Q
2) that was both
applicable on the entire spacelike domain then mapped reliably by experiment and confirmed thereby.
However, the algorithms used therein were inadequate for computing Fpi(Q
2) on Q2 > 4 GeV2.
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Fig. 3 Left panel – A. Q2Fpi(Q2). Solid curve (black) – theoretical prediction [82, 103, 104]; dashed curve (blue)
– pQCD prediction computed with the modern, EHM-dilated pion PDA described in Ref. [105]; and dotted
(red) curve – pQCD prediction computed with the asymptotic profile, ϕas(x), which had previously been used
to guide expectations for the asymptotic behaviour of Q2Fpi(Q2). The filled-circles and -squares represent
existing JLab data [98]; and the filled diamonds and triangle, whose normalisation is arbitrary, indicate the
projected Q2-reach and accuracy of forthcoming experiments [101, 102]. Right panel – B. Predicted ratio of s¯-
and u-quark contributions to the K+ elastic form factor – solid black curve [82]. Result for this ratio produced
by the QCD hard scattering formula when used with a modern EHM-dilated kaon PDA – dashed green curve.
The associated shading reflects uncertainty in current knowledge of the kaon PDA [70, 71, 106].
With the challenge posed by Eq. (11) thus remaining, experiments were proposed for the 12 GeV-
upgraded JLab facility with the goal of reaching Q2 = 6 GeV2 [19]. The upgrade is complete, the
experiments [101, 102] have run, and the data are being analysed.
Meanwhile, the algorithms used in Ref. [100] have been comprehensively improved, so that the
continuum methods for the strong interaction bound-state problem which delivered αˆ(k2) in Fig. 2,
i.e. QCD’s Dyson-Schwinger equations (DSEs) [32, 35, 107–109], could supply a prediction for Fpi(Q
2)
to arbitrarily large-Q2 [82, 103, 104]. The result is drawn in Fig. 3A. Also depicted (dashed blue curve)
is the result obtained using Eq. (11) and the PDA calculated in the DSE framework at a scale relevant
to the experiment. This PDA is very different from ϕas, being markedly broader owing to DCSB.
Plainly, on the domain depicted, the leading-order, leading-twist QCD prediction, computed with
a pion valence-quark PDA evaluated at an experiment-appropriate scale, underestimates the full
DSE computation by merely an approximately uniform 15%. The small mismatch is explained by a
combination of higher-order, higher-twist corrections to Eq. (11) in pQCD on the one hand and, on
the other hand, shortcomings in the leading-order DSE truncation used in Refs. [82, 103, 104], which
predicts the correct power-law behaviour for the form factor but not precisely the right anomalous
dimension (exponent on the logarithm) in the strong-coupling calculation.
The modern theory prediction has completely changed perceptions, highlighting that QCD is
not found in scaling laws; instead, since quantum field theory in four spacetime dimensions requires
deviations from strict scaling, then QCD is found in the existence and character of scaling violations.
It is now anticipated that the approved JLab experiments will reveal a maximum in Q2Fpi(Q
2) at
Q2 ≈ 6 GeV2. Moreover, efforts are being made to complete a measurement at Q2 ≈ 9 GeV2 in
the hope of seeing the onset of QCD scaling violations for the first time in a hadron elastic form
factor. As shown by theory, the magnitude of any given form factor on a sizeable domain above
Q2 ≈ 10 GeV2 is determined by the scale of EHM. JLab’s grip on this domain is tenuous; but as
discussed in Sect. 4.2, EicC could reach with precision out to Q2 ≈ 30 GeV2. Potentially, therefore,
EicC could be the first facility to discover scaling violations and measure the size of EHM in a hard
exclusive process.
3.2 Kaon form factor
As described above, pions are Nature’s closest approximation to a NG mode; and in the absence of
Higgs couplings, there can be no distinction between pions and kaons within QCD. Hence, knowledge
9of kaon structure is crucial because it provides a window onto the interference between EHM and the
Higgs mechanism for mass generation [84, 90]. Yet, today, seventy years after its discovery [110], little
is known about kaon structure. (The situation is only marginally better for the pion [84, 90, 107] as
we discuss further below.) Much can be learnt by measuring the elastic form factors of charged and
neutral kaons because, since isospin is a good symmetry of QCD and the charge of u- and s-quarks
is different, this information translates into a fairly direct measure of the relative distribution of
normal- and strange-matter within the kaon. All differences result from Higgs modulation of EHM.
An example is presented in Fig. 3B, which describes the charge distribution ratio of strange-to-
normal matter in the K+. Current conservation requires that both these distributions are unity at
Q2 = 0; and QCD predicts that the ratio is unity on Λ2QCD/Q
2
as ' 0; so the interesting phenomena
are displayed on the domain between these limits.
The prediction depicted in Fig. 3B is a companion to that for the pion in Fig. 3A, obtained using
the same techniques. Once again, when used with a meson PDA appropriate to the scale of the
experiment, broadened by EHM and skewed slightly by the Higgs mechanism so that its peak is
shifted away from x = 1/2 [70, 71, 106], the QCD hard scattering formula delivers a result in fair
agreement with the direct calculation on Q2 & 8 GeV2. Naturally, it becomes more reliable as lnQ2
is increased. The strange-to-normal charge distribution ratio rises to a peak value of roughly 1.5
at Q2 ≈ 6 GeV2, and thereafter returns logarithmically to unity, in accordance with pQCD. These
outcomes are typical of EHM dominance in flavour-symmetry breaking. EHM tames the large Higgs-
produced current-quark mass difference: ms/mu ∼ 30 but Ms(0)/Mu(0) ∼ 1.25; and elastic form
factors are sensitive to [Ms(0)/Mu(0)]
2 ∼ 1.6. All mass-scales are only subdued logarithmically by
parton splitting effects, so the deviation of s¯K/uK from unity persists to large Q
2.
Such are the theory predictions; and kaon form factor measurements are also planned at JLab
[111] to test them. The experiments will reach Q2 ≈ 5 GeV2; but this range might not be sufficient to
discover the peak in the ratio of charge distributions and confirm the size of Higgs-boson effects in the
elastic form factor. On the other hand, as discussed in Sect. 4.2, EicC could also reach with precision
out to Q2 ≈ 30 GeV2 for the kaon form factor. Thus, EicC could be the first facility to measure the
size and range of nonperturbative EHM–Higgs-boson interference effects in hard exclusive processes.
3.3 Nucleon form factors
Neutron and proton elastic electromagnetic form factors are also the focus of extensive programmes
in both experiment and theory; again, because they can provide insights into key features of nucleon
structure, such as the role played by EHM in determining the proton’s size and fixing both the
location and rate of the transition between the strong and perturbative domains of QCD. Experiments
completed during the past twenty years have had a huge impact, revealing that despite its simple
valence-quark content, the proton’s internal structure is very complex. Marked differences between
the distributions of total charge and magnetisation have been exposed [112–117] and also between
the charge distributions generated by the different quark flavours [118, 119]. New experiments are
approved at JLab that will acquire data at unprecedented photon virtualities, e.g. [119, 120]: proton
electric form factor to Q2 = 12 GeV2 [121]; proton magnetic form factor to Q2 = 15.5 GeV2 [122];
neutron electric form factor to 10.2 GeV2 [123]; and neutron magnetic form factor to 13.5 GeV2 [124].
An issue here is that because there are three valence quarks in a baryon, which typically share the
momentum delivered by an incoming probe, then compared with mesons, one needs to reach higher
values of Q2 before all signals of EHM can be uncovered. Contemporary predictions for the large-Q2
behaviour of nucleon form factors are presented in Ref. [125]. Amongst other things, they suggest
that the neutron’s electric form factor will exhibit a zero at Q2 ≈ 20 GeV2 and that the d-quark
contribution to the proton’s Paul form factor will likewise vanish at Q2 ≈ 14m2N . Such behaviour is
largely a consequence of strong EHM-induced quark+quark (diquark) correlations within the nucleon
[126, 127]. Predictions such as these can only be tested using a high-luminosity accelerator capable
of producing eN collisions at energies beyond the range of existing facilities. Here, too, EicC could
be the answer.
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Fig. 4 Pion valence-quark momentum distribution function, xqpi(x; ζ5 = 5.2 GeV): solid blue curve – modern
continuum calculation [70, 71]; long-dashed black curve – early continuum analysis [128]; and dot-dot-dashed
grey curve – lQCD result [129]. Data (purple) from Ref. [47], rescaled according to the analysis in Ref. [50].
Comparing the central modern continuum prediction with the plotted data, one obtains χ2/d.o.f. = 1.66.
3.4 Pion distribution functions
Basic to any discussion of hadron structure is the pion valence quark distribution function (DF),
qpi(x; ζ). It is a density, which maps the probability that a valence q -quark in the pion carries a
light-front fraction x of the system’s total momentum [130]; and one of the earliest predictions of
QCD is [131–133]:
qpi(x; ζ = ζH) ∼ (1− x)β , β = 2 . (14)
The hadronic scale, ζH , is not accessible in experiment because certain kinematic conditions must
be met in order for the data to be interpreted in terms of qpi(x; ζ) [130]. These conditions require
experiments with Q2 ∼ ζ2E > m2N . Hence, any result for a DF at ζH must be evolved to ζE for
comparison with experiment [41–44]. Under that evolution, the exponent grows, becoming 2 + γ,
where γ & 0 is an anomalous dimension that increases logarithmically with ζ.
The above remarks merely repeat that the parton model gives scaling laws; QCD provides scaling
violations; and such scaling violations serve to increase the integer number specified by the scaling
law [93]. They entail that any analysis of a Drell-Yan (DY) or deep inelastic scattering (DIS) exper-
iment (or similar) which returns a value of β < 2 is in conflict with QCD. Here sits a longstanding
controversy [134]. Experiments interpretable in terms of qpi(x; ζ) were completed more than thirty
years ago [46, 47]. All existing phenomenological analyses that fail to incorporate soft-gluon (thresh-
old) resummation effects return β ∼ 1 [51], whereas the sole, consistent analysis, which includes soft
gluon resummation, yields β > 2 [50].
Consider, therefore, QCD theory. Algorithms have developed to the point that lQCD is beginning
to yield results for the pointwise behaviour of the pion’s valence-quark distribution [129, 135–137].
Furthermore, the DSE approach has delivered the first parameter-free predictions of the valence, glue
and sea distributions within the pion [70, 71, 138, 139], revealing that, like the pion’s leading-twist
PDA, the valence-quark DF is hardened by DCSB, i.e. as an immediate consequence of EHM.
The continuum predictions from Refs. [70, 71] are depicted in Fig. 4. Evidently, the result for
upi(x; ζ5), i.e. the solid blue curve in Fig. 4, matches that obtained using lQCD [129]. (Included here
is the continuum theory uncertainty band described in Refs. [70, 71], which reflects the precision in
αˆ(k2 = 0), Fig. 2. Note, too, that both modern calculations are consistent with the prediction in
Ref. [128], made twenty years ago.) This shows that two disparate treatments of the pion bound-
state problem have arrived at the same prediction for the pion’s valence-quark distribution func-
tion. Plainly, theory has made real strides toward understanding pion structure; the SM prediction,
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Fig. 5 Left panel–A. Solid blue curve – pion’s valence-quark distribution at ζ = ζ2, [70, 71]; long-dashed
black curve – analogous result from Ref. [128]; and short-dashed cyan – phenomenological result from Ref. [51],
also at ζ = ζ2. Right panel–B. Solid green curve, p = g – prediction for the pion’s glue distribution; and dot-
dashed red curve, p = S – predicted sea-quark distribution. Both drawn from Refs. [70, 71]. Phenomenological
results from Ref. [51] are plotted for comparison: p = glue – long-dashed dark-green; and p = sea – dashed
brown. Normalisation convention: 〈x[2upi(x; ζ2) + gpi(x; ζ2) +Spi(x; ζ2)]〉 = 1. Notably, 2upi(x; ζ2) > [gpi(x; ζ2) +
Spi(x; ζ2)] on x > 0.2, marking this as the valence domain within the pion. (The uncertainty bands, explained
in Refs. [70, 71], express the DF uncertainty owing to that in αˆ(k2 = 0), Fig. 2.)
Eq. (14), is stronger than ever before; and this places great pressure on phenomenology to address
the issue of threshold resummation.
The existing controversy and modern theory developments have made new measurements of
qpi(x; ζ) a high priority. Experiments are planned at JLab and CERN [24, 140, 141] and being
developed for the EIC [90]. There are good reasons to expect that EicC measurements could also
make important contributions, so simulations are in train, as disclosed in Sect.4.3.
A unique feature of Refs. [70, 71, 138, 139] is that they supply parameter-free predictions for all
pion DFs, including glue and sea. They are displayed in Fig. 5, as computed at the resolving scale
ζ = ζ2 = 2 GeV, whereat these DFs yield the following momentum fractions:
valence: 〈2xqpi(x; ζ2)〉 = 0.48(4) , glue: 〈xgpi(x; ζ2)〉 = 0.41(2) , sea: 〈xSpi(x; ζ2)〉 = 0.11(2) . (15)
Also displayed in Fig. 5 are the phenomenological extractions from Ref. [51]. Even though the valence-
quark distribution function fitted in Ref. [51] yields a momentum fraction compatible with that in
Eq. (15), its x-profile is very different. Actually, as already noted, the Ref. [51] phenomenological
analysis ignored threshold resummation effects, which are known to have a material impact at large
x [50, 142], and delivers a valence-quark DF in conflict with the QCD large-x constraint, Eq. (14).
(Similar remarks apply to the analysis in Ref. [143].)
Regarding the glue and sea, the size-ordering of the predictions in Refs. [70, 71, 138, 139] agrees
with that in Ref. [51], but the gluon fraction is ∼ 20% larger and the sea fraction is ∼ 30% smaller.
Referring to Fig. 5, the predicted glue distribution and the phenomenological result agree semi-
quantitatively on x & 0.05; but they are markedly different on the complementary domain. Further-
more, both glue DFs in Fig. 5 disagree with those inferred previously [144, 145]. These disagreements
highlight that the pion’s gluon content is empirically uncertain. Thus, new measurements which are
directly sensitive to the pion’s gluon content are necessary. Prompt photon and J/ψ production could
address this need [24, 146].
The sea DFs in Fig. 5B have markedly different profiles on the entire x-domain. Hence, if the pion’s
gluon DF is uncertain, then it is fair to describe the sea-quark distribution as empirically unknown.
One way to address this problem is to obtain DY data with pi± beams on isoscalar targets [24, 147].
Equivalent tagged DIS measurements at the EicC could also provide this valuable information.
3.5 Kaon distribution functions
Given that knowledge of kaon structure provides a unique window onto the interference between
Higgs boson effects and EHM, Refs. [70, 71] developed parameter-free predictions for the pointwise
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Fig. 6 Left panel –A. Solid blue curve – kaon’s valence u-quark distribution; and dot-dashed green curve
– analogous result for the kaon’s valence s¯ distribution. Both drawn from Refs. [70, 71]. Dashed grey curve
within grey bands – kaon s¯ valence-quark distribution obtained in a recent lQCD study [149]. Right panel–B.
uK(x; ζ5)/upi(x; ζ5). Solid blue curve – prediction from Refs. [70, 71]. Dot-dashed grey curve within grey band –
lQCD result [149]. Data (orange) from Ref. [148]. (In both panels, the bands bracketing the central DF curves
from Refs. [70, 71] reveal the effect of uncertainty in αˆ(0). It is negligible for the ratio.)
behaviour of all K distribution functions (DFs), including glue and sea, and comparisons with the
analogous pi distributions. The latter are important because, concerning kaon structure functions,
the only available empirical information is the ratio uK(x)/upi(x), which was measured at ζ ≈ ζ5
using the DY process forty years ago [148].
The valence-quark DFs obtained in Refs. [70, 71] using mass-independent evolution ζH → ζ5 are
depicted in Fig. 6A. Both are consistent with Eq. (14); and they produce the following low-order
moments:
q\ζ5 〈xqK〉 〈x2qK〉 〈x3qK〉
u 0.19(2) 0.067(09) 0.030(5)
s¯ 6m 0.22(2) 0.081(11) 0.038(7)
; (16)
hence, 〈x[uK(x; ζ5) + s¯K6m (x; ζ5)]〉 = 0.41(4), reproducing the pion result at this scale.
First lQCD results for the kaon’s valence-quark DFs are also now available [149]. The study finds
the following moments, listed here in the order of appearance in Eq. (16): u – 0.193(8), 0.080(7),
0.042(6); and s¯ – 0.267(8), 0.123(7), 0.070(6). These values are systematically larger than the con-
tinuum predictions, especially for the s¯, viz. the excesses are: u – 0.6(4.8)%, 21(6)%, 40(4)%; and s¯
– 24(7)%, 53(13)%, 84(16)%. This is because, when compared with the continuum DFs, the lQCD
DFs are much harder; a feature highlighted in Fig. 6A. In fact, the lQCD results are inconsistent
with the QCD prediction in Eq. (14): on x ' 1, the lQCD DF behaves as (1−x)β , β = 1.13(16). One
may reasonably expect that future refinements of lQCD setups, algorithms and analyses will move
the lattice results closer to the continuum predictions.
Figure 6B depicts the ratio uK(x; ζ5)/upi(x; ζ5) calculated in Refs. [70, 71]. Referred to the pub-
lished data [148], χ2/d.o.f = 0.86. The first lQCD results for this ratio are also drawn in Fig. 6B.
Compared with experiment, χ2/d.o.f = 1.81(1.38). Relative to the continuum prediction, the central
lQCD result deviates by only ≈ 5% despite the fact that the individual lQCD DFs are qualita-
tively and quantitatively different from the continuum DFs, e.g. Fig. 6A. This feature highlights that
uK(x; ζ5)/upi(x; ζ5) is forgiving of even large variations between the individual DFs used to produce
the ratio; see, e.g. Refs. [150–155]. More precise data is crucial if this ratio is to be used effectively
to test the modern understanding of SM NG modes; and results for upi(x; ζ5), uK(x; ζ5) separately
have greater discriminating power [24, 140, 141].
In any symmetry-preserving study, which begins at ζH with a bound-state constituted solely
from dressed quasiparticles and implements physical constraints on pi and K wave functions, the
exercise of DGLAP evolution using massless splitting functions will yield glue and sea distributions
in the kaon that are practically identical to those in the pion [70, 71]. Of course, the s¯ quark is more
massive than the u quark. Hence, [156, 157]: valence s¯ quarks must in reality produce less gluons
than valence u quarks; and gluon splitting must produce less s¯s pairs than light-quark pairs. Such
effects are expressed in mass-dependent splitting functions.
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Fig. 7 Left panel –A. From Refs. [70, 71]: uK(x; ζ5) – dot-dashed blue curve; s¯K6m(x; ζ5) [mass-independent
splitting] – solid green; and s¯Km(x; ζ5) [mass-dependent splitting] – dotted maroon. Dashed grey curve within
grey bands – lQCD result for s¯K(x; ζ5) [149]. (In this panel, the bands bracketing the central continuum DF
curves reflect the uncertainty in αˆ(0), Fig. 2.) Right panel–B. Predictions: gK(x; ζ5)/gpi(x; ζ5) – solid green
curve; and SK(x; ζ5)/Spi(x; ζ5) – dot-dashed red curve. Data on uK(x; ζ5)/upi(x; ζ5) (orange) from Ref. [148]
are included to guide comparisons. (In this panel, the αˆ(0)-induced uncertainty is negligible.)
The impact of mass-dependent splitting was estimated in Refs. [70, 71], with the results drawn in
Fig. 7. By construction, uK(x; ζ5) is unaffected. However, the s¯-quark DF is enlarged – Fig. 7A, with
the lowest three nontrivial moments growing by approximately 5%, as one can see by comparing
Eq. (16) with the following:
q\ζ5 〈xqK〉 〈x2qK〉 〈x3qK〉
u 0.19(2) 0.067(09) 0.030(05)
s¯m 0.23(2) 0.085(11) 0.040(07)
u+ s¯m 0.42(3) 0.152(20) 0.070(12)
. (17)
Figure 7B depicts the kaon-to-pion ratio of glue and sea distributions as obtained with the mass-
dependent splitting functions described in Refs. [70, 71]. Evidently, the kaon’s glue (g ) and sea (S)
distributions differ from those of the pion only on the valence region x & 0.2. This is not surprising
because: mass-dependent splitting functions act primarily to modify the valence DF of the heavier
quark; valence DFs are negligible at low-x, where glue and sea distributions are large, and vice
versa; hence the biggest impact of a change in the valence DFs must lie at large-x. Notably, each
of the predicted ratios in Fig. 7B is pointwise similar to the measured value of uK(x; ζ5)/upi(x; ζ5).
On the complementary domain, x . 0.2, the glue and sea DFs in the kaon and pion are practically
identical. Using the computed DFs, one finds (ζ = ζ5): 〈x〉Kg = 0.44(2), 〈x〉Ksea = 0.14(2), with
〈x〉Kseal = 0.091(11), 〈x〉Kseas = 0.045(06), where l denotes the light-quarks. Comparing these results
with those for the pion, then accounting for mass-dependent splitting functions, the gluon light-front
momentum fraction in the kaon is ∼ 1% less than that in the pion and the sea fraction is ∼ 2% less.
Regarding kaon valence distributions, it is worth recording here that there is a single, recent
lQCD study [149] and model estimates exist, e.g. Refs. [152–154]; but there are no results for the
pointwise behaviour of the kaon’s glue and sea distributions. Thus, the predictions in Refs. [70, 71]
for the entire array of pi and K DFs stand alone.
The Standard Model’s (pseudo-) Nambu-Goldstone modes (pi and K) are basic to the formation of
everything, from nucleons to nuclei, and on to neutron stars. Hence, new-era experiments capable of
testing the modern theory predictions reviewed above should have high priority. Such measurements
present a great opportunity to the EicC.
3.6 Nucleon distribution functions
As noted in Sect. 3.3, modern ep elastic scattering experiments can be understood to indicate that
the proton’s internal structure is very complex, with EHM producing a Poincare´-covariant proton
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Fig. 8 Preliminary data from the MARATHON experiment (teal). Left panel – A. Dotted red and blue
curves: array of [1, 1] Pade´ fits obtained from a jackknife analysis of the data. Extrapolated, these curves yield
Fn2 /F
p
2 |x=0 = 1.10(3), consistent with dominance of sea- over valence-quarks on x ' 0; and Fn2 /F p2 |x=1 =
0.395(3). Right panel – B. Array of [1, 1] Pade´ fits obtained from a jackknife analysis of the data constrained
by the assumption of sea-quark dominance, i.e. enforcing Fn2 /F
p
2 |x=0 = 1. Extrapolated, these curves yield
Fn2 /F
p
2 |x=1 = 0.387(2). Theory predictions in both panels: (i) red line and circle at x = 1, the value 14 ,
which is obtained if the proton’s valence structure is simply u-quark + isoscalar-scalar [ud]-diquark; and (ii)
green band, range of values obtained when axial-vector diquark correlations contribute 25-35% of the proton’s
normalization. Evidently, current indications are that the MARATHON data and the reanalysis in Ref. [159]
lean heavily in favour of scenario (ii).
wave function which is distinguished by the presence of strong, nonpointlike, fully-interacting diquark
correlations and significant quark-diquark orbital angular momentum [126, 127]. These features are
also expressed in the proton’s DFs, e.g. in the large-x behaviour of the ratio Fn2 /F
p
2 , which is a
surrogate for the ratio dv/uv, where dv, uv are the proton’s valence-quark DFs [134, Sect. II.G]. In
this context, the MARATHON experiment was proposed at JLab [158]. It aimed to use DIS off the
mirror nuclei 3H and 3He to determine Fn2 /F
p
2 on the valence-quark domain.
The MARATHON experiment is complete. Preliminary results were released in 2019 (see, e.g.
Ref. [160, page 5]) and are displayed in Fig. 8. They appear quantitatively consistent with new re-
analyses of existing data on a wide variety of nuclei [159]. This agreement increases confidence in
the preliminary MARATHON analysis.
A modern theoretical interpretation of Fn2 /F
p
2 is provided in Ref. [126], from which the theo-
retical predictions in Fig. 8 are taken. Evidently, the new experimental results are consistent with
longstanding continuum predictions that, as a corollary of EHM, the proton contains both scalar
and axial-vector diquark correlations, with the latter being significant. The MARATHON data are
a crucial step forward in understanding hadron structure. They could have a far-reaching impact
on developing a solution to the puzzle of EHM. This is strong motivation for the development of
experiments at EicC aimed at extracting Fn2 /F
p
2 on the valence-quark domain.
4 Testing Structure Predictions
Owing to the high resolution and the well-known character of electromagnetic interactions, a clean
and precise way to test hadron structure predictions is to use photon probes with high virtuality
in high-energy eN scattering. The EicC, which can be regarded as a “super electron microscope”,
provides an excellent opportunity for such studies, owing to its high c.m. energy, high luminosity,
diverse polarisation settings, and the nearly full-acceptance of the associated spectrometer.
Given that the proton serves as a meson source and mesons are the force carriers within nuclei,
one expects to find a cloud of virtual mesons (pions and kaons) in the neighbourhood of any proton.
These virtual states can be exploited as “meson targets” via Sullivan-like processes [161] (detailed
in connection with Fig. 10 below). As opposed to ep DIS experiments, in Sullivan-like processes one
focuses on those events in which the final-state nucleon has small transverse momentum, pT , and a
large fraction of the incoming nucleon’s longitudinal momentum. This leading nucleon in the final
state is tagged in order to isolate the events of interest.
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With the current conceptual design for the EicC spectrometer, the barrel and end-cap detectors
cover a pseudorapidity range |η| < 3, with the limiting coverage reaching |η| ∼ 3.5 owing to the
limited space near the interaction point. Nevertheless, zero-degree detectors are planned for both
the electron and the ion forward regions. Therefore, the largest pseudorapidity could reach around 5
with the far-forward detectors. Moreover, with the time-of-flight and Cherenkov detectors, reliable
identification of pi/K/N will be guaranteed in a wide momentum range. Finally and notably, the
forward-neutron calorimeter will also be integrated into the detector system. Hence, the proposed
EicC detector will meet the requirements of a very diverse experimental programme.
4.1 Proton mass and Υ electroproduction
As discussed in Sect. 2, uncovering the origin and distribution of the proton’s mass has become one
of the highest priorities in modern nuclear and particle physics. An early analysis of the QCD en-
ergy momentum tensor [162, 163] separates the proton mass into four distinct contributions: quark
mass, Mm; quark energy, Mq; gluon energy, Mg; and trace anomaly, Ma. Using a parton model
basis, the trace anomaly part is a pure-glue quantum effect; and thus isolated, it seems to contribute
roughly one quarter of the proton mass, Ma = (1− ςh)MN/4. The precise size of this contribution is
evidently characterised by the parameter ςh, which, from the same perspective, measures the contri-
bution to the proton mass that originates with the current-quark mass-term in the standard QCD
Lagrangian. ςh is only loosely constrained by existing experiments. (Caveats on the interpretation of
such decompositions are listed on page 7 and elsewhere [90].)
Similar to the way a hydrogen atom interacts with an external electromagnetic field, an Υ me-
son, which is significantly smaller than the proton, interacts with the proton’s gluon field, providing
an opportunity to study aspects of the proton’s mass distribution. Indeed, for low energy ΥN in-
teractions, using the operator product expansion and low-energy theorems, Refs. [37, 38] relate the
scattering amplitude at threshold to the energy-momentum tensor evaluated in the proton state:
MΥN ' 2mΥr30d2
2pi2
27
2m2N −
〈
N
∣∣∣∣ ∑
i=u,d,s
miq¯iqi
∣∣∣∣N
〉 ' 2mΥr30d2 2pi227 2m2N (1− ςh), (18)
where r0 is the Bohr radius of the heavy quarkonium Υ(1S) [37] and the Wilson coefficient, d2, is given
in Ref. [164]. Tracing the derivation, one learns from Eq. (18) that, interpreted in a parton model
basis,MΥN is completely determined by Θ0 evaluated in the proton state, Eqs. (2), (4), with a (small)
correction from the QCD Lagrangian’s current-quark mass term, ςh. Note that ςh = (σpiN +σs)/mN ,
where σpiN and σs are the pion-nucleon and strangeness σ terms, respectively. While a value of σpiN
has been extracted from a careful analysis of pion-nucleon scattering data [165–167], σs remains
poorly constrained.
Assuming validity of Eq. (18) for charmonium production, Ref. [39] analysed GlueX data [168],
with the result ςh = 0.07(17), similar to a lQCD estimate [169]. Ref. [168] also included an analysis
motivated by Eq. (18), concluding that the ςh-correction to the Θ0 contribution is small.
It is worth remarking that Eq. (18) features r0, any estimate of which depends on the heavy-
quark mass and the strong running coupling evaluated at a relevant scale. The heavy-quark mass
and “relevant” scale are model dependent. Furthermore, given the closeness of the ΛcD¯ and J/ψN
thresholds, there could be important coupled-channel effects which are not captured by a simple
gluon-exchange picture of the J/ψ-nucleon interaction [170]. Hence, improved theory guidance would
greatly assist with future such analyses.
With the strengths of the EicC, one can constrain ςh via precise measurement of Υ electroproduc-
tion near the threshold. Consider Fig. 9A, which depicts a high-energy photon exchanged between
the electron and the proton. By isolating the virtual photon flux Γ (Q2 < 1, Eγ > E0) [171], where
E0 is the minimum photon energy required to produce the Υ , the differential cross-section for Υ
photoproduction can be separated from electroproduction data ep → e′p′Υ → e′p′l+l−. Assuming
vector meson dominance (VMD), the differential cross-section γN → ΥN is directly connected to
the differential cross-section for ΥN → ΥN :
dσγN→ΥN
dt
∣∣∣∣
t=0
=
3Γ (Υ→ e+e−)
αmΥ
(
kΥN
kγN
)2
dσΥN→ΥN
dt
∣∣∣∣
t=0
. (19)
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Fig. 9 Left panel–A. Schematic diagram of Υ (1S) electroproduction: t is the square of the four momentum
exchange between the virtual photon and the proton. Right panel–B. A simulation of the extracted Υ (1S) per
nucleon photoproduction cross-section in e-Pb collisions. The W -range is from the threshold to ∼ 15 GeV.
Therefore, exploiting the photoproduction cross-section of Υ near threshold, one has access to the
low-energy dynamics of the Υ -N interaction; enabling an extraction of the ςh correction to the QCD
trace anomaly in the proton.
It should be remarked that VMD is questionable for J/ψ and Υ systems [172, 173]. In particular,
the Υ ’s in the near-threshold Υ -nucleon scattering are on-shell, while that connected to the photon
in the VMD model is very far off-shell. So here, too, improved theory guidance is necessary to better
inform the connection between Υ photoproduction and the proton mass decomposition.
To estimate the statistical uncertainty of the extracted value for ςh, it is necessary to know how
many events to expect. The EicC is anticipated to have an optimal c.m. energy of 16.75 GeV [26].
At this energy, the cross-section for Υ electroproduction off the proton is predicted to lie in the
range 48-85 fb [174–176]. In one full year of EicC running, an integrated luminosity of approximately
50 fb−1 can be anticipated. Under these circumstances, it is advisable to use a Pb-beam in order to
accumulate enough events because the cross-section for a nuclear beam is much larger: σA = AσN .
With one year of running, a statistical uncertainty of around 0.011 is achievable in the measurement
of a trace-anomaly correction ςh ∼ 0.10; and this improves to 0.004 over ten years, as can be seen
from the least-squares fit to a Monte-Carlo simulation drawn in Fig. 9B.
Since the Υ is much heavier than the J/ψ, the need to study the quarkonium-nucleon interaction
at sufficiently low energy is easily satisfied. Moreover, the theory uncertainties from the b-quark mass
and the strong running coupling at the Υ scale are smaller. Nonetheless, based on current estimates of
the b-quark mass, the strong running coupling, and the uncertainty in each, the combined uncertainty
from these QCD parameters is approximately δthςh = 0.05. Plainly, theoretical efforts aimed at reducing
the size of δthςh should have a high priority. This is not just an issue for EicC measurements, but also
for those underway or planned at other facilities. Hence, with the c.m. energy of EicC designed to
lie just above the Υ (1S) production threshold [26–28], the facility should prove very competitive in
the race to determine ςh, the quark-mass correction to the QCD trace anomaly in the proton.
4.2 Pion and kaon from factor measurements
To delve deep into the structure of QCD’s NG modes (pions and kaons), the modern approach
capitalises on the prominent pi/K pole contribution to the exclusive electroproduction of pi/K-
mesons when t is kept small. Assuming dominance of single meson exchange with such kinematics,
the elastic scattering process can be inferred from careful analysis of ep → epi+n or ep → eK+Λ
reactions. The theoretical basis for such elastic form factor extractions is provided by the Sullivan
process [161] illustrated in Fig. 10(a). Here, the pion remains intact in the final state and the pion
elastic form factor enters through the γpi∗pi coupling. For pi+ production, neutron exchange in the u
channel is suppressed because the γnn coupling disappears at tree level.
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Fig. 10 Sullivan processes. In these examples, a nucleon’s pion cloud is used to provide access to the pion’s
(a) elastic form factor and (b) parton distribution functions. The intermediate pion, pi∗(P ), is off-shell, with
P 2 = –t. It has been estimated [177] that such processes provide reliable access to a pion target on −t .
0.6 GeV2; and for the kaon, on −t . 0.9 GeV2.
The method of extracting the pion elastic form factor, Fpi(Q
2), from pion electroproduction
reactions has reached a mature level [178–181]. It capitalises on the fact that a good description of
the t- andW -dependence in these reactions is provided by a gauge invariant model based on exchanges
along the pi and ρ Regge trajectories, with ρ-exchange making no contribution to the longitudinal
cross-section at tmin. The framework allows the longitudinal electroproduction cross-section to be
formulated such that Fpi(Q
2) is the only unknown, which can be determined by comparison between
data and the model [178–181]. The certainty with which the longitudinal cross-section has been
isolated can be checked using the pi+/pi− production ratio extracted from electron-deuteron beam
collisions in the same kinematics as charged pion data from electron-proton collisions [107].
The statistical error for pion/kaon from factor extractions at EicC may be estimated using a
one-pion exchange model. At Born level, the differential cross-section is [161, 182]:
P dσL
dt
= 4~c(egpiNN )2
−t
(t−m2pi)2
Q2F 2pi (Q
2), (20)
where gpiNN is the pion-nucleon coupling and P is a phase-space factor. In this context, it is reasonable
to suppose that the pion/kaon form factor is well described by a monopole form:
Fpi,K(Q
2) =
1
1 +Q2/Λ2pi,K
, (21)
where Λpi,K is around 0.7 ∼ 0.8 GeV. The cross-section for exclusive meson electroproduction is then
obtained by adding the photon flux factor for eN scattering.
The number of events can now be estimated using the anticipated EicC one-year integrated
luminosity of approximately 50 fb−1. This leads to the statistical error projections shown in Fig. 11.
In preparing this figure, the following cuts were used for event selection: |t| < 0.6 GeV and W/GeV ∈
(2, 10). Separating the data into ten bins on the domain Q2/GeV2 ∈ [10, 30], one finds statistical
errors on the pion form factor data that are comparable with all other existing proposals. Similar
analysis reveals that EicC can also deliver a competitive measurement of the kaon form factor.
4.3 Measuring pion and kaon structure functions
As illustrated in Fig. 10(b), one can also use a Sullivan process to measure NG mode structure
functions. In contrast to elastic form factor measurements, however, the meson target is disintegrated
by the interaction and the cross-section is much larger. In order to ensure that the DIS interaction
is epi, the transverse momentum of the tagged final-state neutron must be small and its longitudinal
momentum must exceed 50% of that of the incoming proton. The longitudinal momentum fraction
xL := Pn · q/Pp · q [48, 49, 183], where q is the photon momentum and Pp,n are the momenta of the
incoming proton and tagged outgoing neutron. For kaon structure functions, the tagged outgoing
system is the Λ-baryon.
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Fig. 11 Statistical error projections for pion and kaon form factor measurements at EicC and the US EIC
[90]. The JLab data plotted in this figure were produced by the Fpi-Collaboration [95–99].
The differential cross-section for the leading-neutron tagged-DIS process is given by [48, 49, 161,
183, 184]:
d4σ
dxBdQ2dxLdt
=
4piα2
xBQ4
(
1− y + y
2
2
)
F
LN(4)
2 (Q
2, xB, xL, t). (22)
Here, F
LN(4)
2 (Q
2, xB, xL, t) is the tagged leading-neutron structure function, which can be factorised:
F
LN(4)
2 (Q
2, xB, xL, t) = F
pi
2 (xpi, Q
2, t)fpi/p(xL, t) , (23)
where Fpi2 (xpi, Q
2, t) is the pion structure function and fpi/p(xL, t) is the pion flux in the proton. The
momentum fraction in the pion structure function is xpi = Q
2/(2ppi · q) = xB/(1− xL).
The (xpi, Q
2) domain that is accessible to EicC is shown in Fig. 12A. The estimate is based on
a Monte-Carlo simulation of leading-neutron tagged DIS with the pion valence-quark distribution
function taken from Ref. [144]. In order to focus on those events relevant for leading-neutron tagged
DIS, the following cuts were applied: 0.6 < xL < 0.8, M
2
X = (Pp +Pe −Pn)2 > (0.4 GeV)2, with the
reduced event sample displayed in the lower panel of Fig. 12A. Evidently, the indications are that
EicC can map the domain xpi ∈ (0.01, 0.95) with precision. This is highlighted by Fig. 12B, which
depicts the projected statistical precision of an EicC pion structure function measurement assuming
one year of running. Such data quality would certainly be sufficient to address the longstanding pion
structure function controversy described in Sect. 3.4.
4.4 Deeply virtual meson production
A three-dimensional (3D) imaging of the nucleon can be realised by measuring its generalised parton
distribution functions (GPDs). In fact, GPDs provide access not only to a nucleon tomography, but
also, e.g. to decompositions of its spin and a confinement pressure distribution [21]. Experimentally,
deeply virtual meson production (DVMP) ep → epM is an important complement to deeply vir-
tual Compton scattering (DVCS) measurements [185–188]. Moreover, deeply virtual pseudoscalar
meson production provides a more sensitive way to extract polarised GPDs and is indispensable in
constraining transverse GPDs. Fig. 13A shows the handbag diagram that is typically assumed to
describe DVMP in analyses of data for the extraction of nucleon GPDs.
For DVMP processes, EicC [26–28] would provide access to both the region of transition between
strong and perturbative QCD and the purely perturbative domain, making it ideal for testing a
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Fig. 12 Left panels – A. Kinematic coverage in leading-neutron tagged DIS at EicC as measured by the
cross-section weighted event distribution in the (xpi, Q2) plane: upper left – complete coverage; and lower left
– domain available for pion structure function extraction. Right panel – B. Projected statistical precision for a
pion structure function measurement at Q2 ∼ 4 GeV2 from one year of running at EicC. The centre of the bin
is indicated by the left and bottom axis; and the right axis provides a reference for the size of the associated
statistical error. The uncertainty is uniformly . 5%.
diverse array of nonperturbative and perturbative features in the theory of hard exclusive meson
production [189]. Importantly, light-meson DVMP channels have high event rates at EicC. Such
processes involving pseudoscalar mesons are of great interest because they select the polarised GPDs
H˜, E˜, and transversity GPDs, HT , E¯T [187, 188], which cannot be measured well in other processes,
such as DVCS. As an example, consider that measurement of proton spin asymmetry AsinφUL in pion
DVMP is connected to 〈H˜〉 and 〈E¯T 〉 [188, 190]. Clean separation of different GPDs can be achieved
by simultaneously measuring a diverse array of observables.
Using Monte-Carlo methods, one can study the energy and angular distributions of final-state
particles and also estimate statistical errors in pi0 DVMP experiments at EicC. The electrons and
photons are concentrated in the region |η| < 3 [26–28], which are covered with the barrel and end-
cap detectors implemented in the current EicC design. The largest number of final-state protons
will be collected using the far-forward proton detector. Regarding statistics, consider that one may
decompose the unpolarised differential cross-section into a sum of four terms [191]:
d4σ
dQ2dxBdtdφpi
= Γ (Q2, xB, s)
× 1
2pi
[
dσT
dt
+ 
dσL
dt
+
√
2(1 + ) cos(φpi)
dσLT
dt
+  cos(2φpi)
dσTT
dt
]
. (24)
Here, the photon flux is
Γ (Q2, xB, s) =
αy2(1− xB)
2pixB(1− )Q2 , (25)
where y is the inelasticity, and Q2 and xB are, respectively, the familiar square of the virtual-photon
momentum and the Bjorken variable. Then parametrisations of the response structure functions
(dσT /dt, dσL/dt, dσLT /dt, dσTT /dt) can be developed from existing JLab data [192, 193]. Finally,
extrapolations to EicC energies are accomplished by assuming the following W - and Q2-dependence:
1/(W 2 −M2p )2, (Q2)−3. Combining these things with the EicC one-year integrated luminosity of
50 fb−1, one obtains the statistical uncertainty projections on the AsinφUL asymmetry depicted in
Fig. 13B. Comparison with CLAS uncertainties very much favours EicC. Furthermore and at least
equally important, the much higher EicC interaction scales (> 10 GeV2) mean that data analyses
using the leading-twist handbag formalism are likely to be much better justified, in which case the
resulting GPDs will be more realistic.
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Fig. 13 Left panel–A. Handbag diagram that is typically imagined to be dominant in the deeply virtual
production of pi0 and pi+. Right panel–B. Statistical error projections for the proton spin asymmetries in the
pi0-DVMP process at EicC, with Q2 > 10 GeV2.
5 Exotic Hadron Spectroscopy
In addition to the lightest mesons and baryons, i.e. pions, nucleons, etc., discussed in the previous
sections, there exists a rich zoo of hadrons with different flavour valence quarks. The experimental
discoveries of hadrons with u, d and s quarks spurred invention of the quark model [194, 195], and
finally led to the establishment of QCD as the fundamental theory of the strong interaction, which
was followed by the discoveries of the heavier charm (c) and bottom (b) quarks. The emergence of
massive-hadron spectroscopy as a consequence of the interactions of these quarks and gluons is a
prominent feature of nonperturbative QCD. Understanding how the hadron spectrum is organised
presents another facet of the EHM problem discussed herein.
Historically, the constituent quark model has been quite successful in describing the hadron
spectrum [196, 197], with some exceptions, such as the lightest scalar mesons, the nucleon’s first
positive- and negative-parity excitations, and the lightest negative-parity strange baryon Λ(1405).
Qualitatively, this may be understood as a consequence of constituent light quarks acquiring a mass
from DCSB [198–200] and Eq. (8), of the order ΛQCD, which sets a scale for hadron masses and
their excitation energies. However, this is not the whole story, as many resonant structures have
been reported since 2003, when the BABAR and Belle experiments at B factories reported their
unexpected observations of two very narrow resonances, the D∗s0(2317) [201] and X(3872) [202],
respectively. Their particularity is marked by the fact that their masses are about 100 MeV lower
than the predictions of quark models. In particular, the mass of the X(3872), which will hereafter be
called χc1(3872) in accordance with the new nomenclature of the Particle Data Group (PDG) [10],
precisely coincides with the D0D¯∗0 threshold. These ground-breaking discoveries were followed by
observations of many other hadronic resonances or resonance-like structures in various high-energy
experiments. In addition to the B factories already mentioned, the experiments include BESIII and
CLEO at electron-positron colliders as well as ATLAS, CDF, CMS, D0 and LHCb at hadron colliders.
In particular, the hadron mass spectrum in the charmonium mass region has been remarkably
enriched. This can be seen plainly from Fig. 14. The spectrum is over-populated (see the vector
sector which can be directly produced in e+e− collisions and thus has been the best measured) in
comparison with the expectations from any quark model of cc¯ systems, which, since the c-quark mass
is much larger than ΛQCD, were expected to be relatively cleanly described by quantum mechanical
models like that developed at Cornell University [203, 204].
In Fig. 14, quark model predictions [196, 205] are presented for comparison. Most of these new
structures need to find explanations other than being regular cc¯ mesons. Thus, they are regarded
as pronounced candidates for exotic hadrons, viz. hadrons beyond the na¨ıve quark-antiquark and
three-quark pictures for mesons and baryons, respectively. The puzzling charmonium-like systems
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are collectively called XY Z states; yet some of them have well-measured quantum numbers, which
have been used to name them in the latest version of the Review of Particle Physics (RPP) [10].
Although the classification of exotic and nonexotic hadrons is a quark-model notation, and thus
not directly grounded in QCD, understanding how these excited charmonium-like states get their
masses is a big challenge, and is a manifestation of the EHM problem in the excited heavy-flavour
sector. The current cc¯(-like) spectrum is a mess and little consensus has been reached on how each
individual amongst these structures should be interpreted. Explanations that have been consid-
ered include regular charmonia; hybrid states; compact tetraquarks; hadronic molecules; mixtures of
different components; and non-particle explanations such as kinematical effects and resonance inter-
ference. The experimental measurements and theoretical models have been summarised in a large
number of review articles [206–225]. Readers are referred to these comprehensive reports for more
details. Herein, the focus is on how EicC can contribute to the understanding of heavy-flavour exotic
hadron spectroscopy.
5.1 Complementarity between EicC and other experiments
The study of exotic hadrons, in particular in the heavy-flavour sector, has been and will remain
an important element in ongoing and planned experiments, e.g. BESIII [226, 227], Belle-II [228],
upgrades of LHC [229] and P¯ANDA [230]. The main physical processes for these experiments and
those which have primarily contributed to the discoveries of the new hadron spectrum are as follows:
– Weak decay processes. The main hadronic processes corresponding to b → cc¯s are the decays of
b-flavoured hadrons, such as the decays of B mesons into a kaon plus a pair of charm and anti-
charm mesons or a kaon plus a charmonium and other light mesons, and the decays of the Λb
into Kp and a charmonium. The hidden-charm mesons and pentaquark(-like) structures can then
be sought in the corresponding final states. Thus, the maximum mass for the charmonium(-like)
structures in such processes is constrained to be mB−mK ≈ 4.8 GeV, and that for hidden-charm
pentaquarks is mΛb −mK ≈ 5.1 GeV.
The most interesting charmonium-like state χc1(3872) was discovered in B
± → J/ψ pi+pi−K±
[202], and the highest state in the charmonium spectrum shown in Fig. 14 is the χc0(4700),
observed by the LHCb Collaboration in B+ → J/ψ φK+[231].
Thus far, only three hidden-charm pentaquark candidates Pc(4312), Pc(4440) and Pc(4457) have
been reported by LHCb in Λb → J/ψ pK− [23, 232]. These weak decay processes have fixed
masses for the initial particles, hence lack a way to study the initial-state energy dependence
and thereby distinguish a genuine resonance from the signal produced by the so-called triangle-
singularity kinematical effect, which owes to the on-shell propagation of all intermediate particles
in a triangle diagram and is energy-sensitive. (For a review, see Ref. [225].)
– e+e− collisions. Charmonium and bottomonium states with vector quantum numbers can directly
be produced through a virtual photon. They can also be produced via initial-state radiation (ISR),
the cross-section for which, however, is smaller by two orders of magnitude than direct produc-
tion because of the suppression factor αe ≈ 1/137. The ψ(4260) was discovered by the BABAR
Collaboration in the ISR process e+e− → γISR J/ψ pi+pi− [233], and a precise measurement by
BESIII in direct production reduces the extracted mass to about 4.23 GeV [234]. (The state is
now labelled as ψ(4230) in the latest RPP version [10], although the ψ(4260) remains.)
States with other quantum numbers are much less observed as they need to be produced through
the decays of higher states or two-photon collisions. The production rates from two-photon col-
lisions and in radiative transitions from higher vector charmonia are suppressed by powers of
αe compared to that of the direct production of the vector states. BEPC, at which BESIII is
located, does not have enough energy to produce the X and χcJ states with mass & 3.9 GeV in
association with light mesons, such as ρ and φ.
– Hadron-hadron/nuclei collisions. The LHC has enough energy to produce any hadrons, and the
cross-sections are larger than those obtained with virtual photons. However, the large energy also
leads to an overabundance of final-state particles. Consequently, in prompt production, the exotic
hadron candidates need to be hunted in semi-inclusive processes and are often obscured by huge
backgrounds. Furthermore, the final states that can efficiently be detected are also limited.
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Fig. 14 The spectrum of the charmonia/bottomonia and charmonium-like/bottomonium-like structures col-
lected in the full version of RPP [10]. The states are named according to their quantum numbers IG(JPC),
and JPC are shown for each column of neutral mesons. The red/blue lines correspond to the structures ob-
served before/since the year 2003. For comparison, quark model predictions [196, 205] are drawn as black lines,
which are labelled by the orbital and radial excitations as nL. The lowest three open-charm and open-bottom
thresholds are shown as dashed lines.
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As one can see, there are pros and cons for each of the different types of experiment. An un-
derstanding of the spectroscopy in the heavy-flavour sector needs complementary inputs from them
all. The high-luminosity EicC, whose energy range covers both the charm and bottom sectors, is
expected to play an indispensable role here, especially in the following areas.
– Charmonium(-like) states. The spectrum of charmonium(-like) states above the lowest open-
charm threshold shown in Fig. 14 lacks a clear pattern and poses a serious challenge to the
understanding of excited hadron spectroscopy, even at a qualitative level. Thus, the study of such
states will be a major focus of EicC in the hadron spectroscopy sector.
Many such states were seen in decays into a charmonium (in most cases J/ψ) and light me-
sons. Yet, their masses are large enough to allow decays into open-charm channels. In particu-
lar, the most interesting states, χc1(3872) [235–237] and Zc(3900) [238, 239], couple strongly to
open-charm channels, and meson-meson channels should play an important role in forming these
structures.
However, it is more difficult for the LHC experiments to search for structures in final states with
open-charm mesons than in those with J/ψ plus light mesons using inclusive prompt production
processes. Moreover, some structures seen in e+e− experiments, such as the Zc(3900) [238, 240]
and Zc(4020) [241], elude detection in B-meson decays for reasons unknown. It is thus important
for these states to be sought in other experiments, such as EicC and P¯ANDA, especially since
their signals in e+e− collisions may have contamination from kinematical singularity effects, as
discussed in Refs. [225, 242–249].
From Fig. 14, one sees that other than the vector or charged states, most of the new structures
have positive charge parity and mass larger than 3.9 GeV. In e+e− collisions, to have a relatively
large production rate, such positive C-parity states need to be produced together with a negative
C-parity light meson (such as ρ and φ). Thus, the highly excited states with masses larger than
4 GeV are beyond the scope of the BESIII experiment, as mentioned above; they are also beyond
the scope of the JLab 12 GeV program [19], whose maximum reach is about 3.9 GeV for the mass
of X in e−p→ e−pX.
So far the only charmonium-like structure that has been observed in lepto-production is a nega-
tive C-parity structure with a mass of about 3.86 GeV (COMPASS Collaboration [250]), which
nevertheless shows the feasibility of studying XY Z states in lepto-/photo-production processes.
Its quantum numbers are consistent with JPC = 1+− and it could be closely related to hc(2P ),
and positive C-parity states around that mass. One expects that all these hidden-charm states
may be studied in detail at EicC through both hidden-charm and open-charm final states and
the necessary simulations are being explored.
– Hidden-charm pentaquarks. One sees a rich XY Z spectrum above the lowest thresholds for a pair
of charm and anti-charm mesons in Fig. 14, indicating the important role played by the open-
charm meson-meson channels. This being true, no matter how the interaction happens, similar
processes should also be able to produce a rich spectrum in the hidden-charm baryon sector above
the ΛcD¯ threshold. Indeed, hidden-charm pentaquark states above 4 GeV have been predicted to
emerge from the interactions between a charmed meson plus baryon pair [251–257] and the first
discovery of such states was made by the LHCb Collaboration in 2015 [23], after these theoretical
predictions. The measurement was updated in 2019 [232], reporting three narrow hidden-charm
pentaquarks Pc(4312), Pc(4440) and Pc(4457). There is also a hint for a narrow Pc(4380) [258],
and models predict [255, 258, 259] the existence of more states (their heavy-quark spin partners).
Nevertheless, all these observations need to be confirmed in an independent experiment. There is
a proposal to search for the Pc states in Hall C at JLab [260]. The GlueX experiment in Hall D at
JLab measured near-threshold J/ψ photoproduction, but no signal was seen in an energy range
covering the LHCb Pc masses [168]. The non-observation implies a small branching fraction for
Pc → J/ψp, roughly in the range (0.05− 0.5)% [261]. Then the dominant decay modes of the Pc
should be open-charm channels, similar to the case of the χc1(3872) and Zc(3900), which include
D¯(∗)Λc and D¯(∗)Σc [258, 262–264]. A search in the Λb → ΛcD¯0K− was performed at LHCb. No
signal has yet been found [265].
At EicC, the Pc can be sought in both exclusive processes, such as γp → Pc → J/ψp, D¯(∗)Λc,
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Fig. 15 The c.m. energy dependence of the cross-sections for the inclusive and exclusive processes γp→ c¯cX
and γp → J/ψ p (left) and γp → b
¯
bX and γp → Υp (right). The shaded areas correspond to the EicC energy
coverage. The J/ψ p data before 2002 are from Refs. [280–286] and the GlueX data are from Ref. [168]. The
c¯cX data are from Fermilab [287, 288], EMC [289], SLAC [290], and ZEUS [291]. The Υp data are from ZEUS
[292, 293], H1 [285], CMS [294] and LHCb [295]. The b
¯
bX data are from EMC [296] and H1 [297]. The data
in the charm sector were fitted with the model in Ref. [298]. The models used in fitting the bottom sector
data include the deeply virtual meson production model by Favart et al. [189], the 2-gluon exchange model by
Brodsky et al. [299], the parametrization by Gryniuk et al. [298], and the dipole pomeron model by Martynov
et al. (Q
2
=0, 10, 50 GeV
2
) [300, 301]. The figure is adapted from Ref. [27].
¯
D
(∗)
Σ
c
, and semi-inclusive processes. Similar hidden-charm states with s quarks will also be
sought in order to establish SU(3) flavour multiplets.
– Bottom hadrons. The c.m. energy range of EicC extends to 20 GeV, Fig. 1; so, it covers the region
for open and hidden-bottom hadrons as well. Since both the charm and bottom quark masses
are much larger than Λ
QCD
, hadronic systems with a c-quark replaced by a b-quark should have
similar properties – a consequence of the so-called heavy-quark flavour symmetry. Although for
systems with a pair of heavy (c, b) quarks, heavy quark flavour symmetry does not hold, the
general pattern for the spectra should still be similar. From Fig. 14, one sees that the number
of bottomonia and bottomonium-like states is much smaller than their charm analogues. Many
more should exist.
Similarities and differences between the bottomonium(-like) spectrum and the charmonium(-like)
spectrum should contain important information for understanding the role of EHM in excited
hadrons. However, existing facilities have limited ability to search for the hidden-bottom states.
The latest few discoveries of bottomonium(-like) states, which include the Z
b
(10610), Z
b
(10650)
[266] and Υ (10753) [267], were all made in e
+
e
−
collisions at the Belle experiment. Belle-II
[228] does not have enough energy to produce positive C-parity states above the open-bottom
thresholds as that would require them to be produced in association with a ρ, ω or φ meson.
(The production rates of the radiative processes should be smaller by two orders of magnitude.)
Similar to the P
c
states, hidden-bottom pentaquark states are also predicted to exist [268–279].
Such states are out of reach to
¯
PANDA [230] and are difficult to detect in LHC experiments
owing to large backgrounds since they need to be produced in prompt processes.
The EicC energy region is ideal for the study of bottom hadrons, and will play a unique role in the
study of bottomonium-like structures, hidden-bottom pentaquarks and excited bottom hadrons,
so long as the open-bottom hadrons can be efficiently detected.
It should also be noted that for the commonly considered mechanisms of producing hidden-flavour
exotic hadron candidates [172, 250, 260, 302–323], the kinematics of the eletro-/photoproduction
processes at the EicC are free from the ambiguity in interpreting some hidden-charm resonance
signals, which is introduced by triangle singularities that could occur in b-flavoured hadron decays or
e
+
e
−
collisions. Moreover, the EicC’s polarised beams enable determination of the quantum numbers
of hadron resonances, such as spin and parity.
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5.2 Estimates of the production rates at EicC
There have been various model estimates and suggestions for the photoproduction rates of hidden-
charm and hidden-bottom mesons and baryons [172, 250, 260, 302–323]. For a given state, the es-
timate depends on both the assumed mechanism and on the branching fractions, which are rarely
known to the desired precision. Some estimates of the production rates are sketched here.
Measurements exist of cross-sections for the exclusive production of the J/ψ [168, 280–286] and
Υ [285, 292–295], as well as for the inclusive processes γp→ cc¯X [287–291] and γp→ bb¯X [296, 297],
where X represents anything else in the final state. The data together with model fits are shown in
Fig. 15. This figure shows that the photoproduction cross section of the exclusive process γp→ J/ψp
is on the order of 10 nb for Wγp, the c.m. energy of the γp, within 10 to 20 GeV. (The designed energy
for the optimal luminosity of EicC is 16.7 GeV.) The eletroproduction process e−p→ e−J/ψp is about
two orders of magnitude smaller. Thus, one expects O(5 × 106) J/ψ events at EicC considering an
integrated luminosity of 50 fb−1. The cross-section for the inclusive process γp → cc¯X is about
50 times larger. Since almost all excited charmed mesons (baryons) decay into D (Λc) and their
antiparticles, emitting light hadrons and/or photons, one can expect that there must be many more
D and Λc events. This provides the opportunity to study hidden-charm mesons and baryons, not
only in final states involving the J/ψ, but also in open-charm final states. Rough estimates for the
discovery potential of a few selected hidden-charm states via exclusive processes [27, 28] are listed
in Table 1. The estimates were made using a vector-meson dominance model.
The cross-sections for semi-inclusive production of hidden-charm states that couple strongly to a
charm meson-baryon pair may be estimated by considering the mechanism shown in the left panel
of Fig. 16 [324]: a pair of open-charm hadrons (denoted as HH ′ in the figure) are produced, which
then merge to form the hidden-charm state of interest. As long as the hidden-charm state couples
dominantly to the considered hadron pair, this mechanism should provide an important contribution
to the production, owing to unitarity. Such a mechanism has been considered before in estimating the
production of charmonium-like states at hadron colliders [325–329] and the resulting cross-sections
are in agreement with experimental measurements when the momentum integration range in the
HH ′ Green function extends up to a few hundreds of MeV [326, 328, 329]. The mechanism may be
applied to the χc1(3872) and Zc(3900), which are known to couple strongly to the DD¯
∗ pair (and
their antiparticles) [10, 235–239]. The differential cross section for the HH ′ pair is simulated using
the Pythia event generator [330], which nicely follows a distribution proportional to k2 in the small
k region, where k is the magnitude of the c.m. momentum of the hadron pair.
The right panel of Fig. 16 shows such a distribution for the D0D¯∗0 at EicC with the energies for
the electron and proton beams taken as 3.5 and 20 GeV, respectively. The coupling of the hidden-
charm state to the HH ′ pair can be computed in a model assuming the state to be a HH ′ hadronic
molecule, where the HH ′ Green function is modeled using a loop integral regulated by a Gaussian
form factor with a cutoff in the range between 0.5 and 1 GeV. In this way, the integrated cross-sections
for the semi-inclusive production of the χc1(3872) and Zc(3900) are estimated to be O(0.01 nb) and
O(0.5 nb), respectively; and those for each of the Pc states, including those seen with LHCb and their
spin partners, predicted in hadronic molecular models [255, 258, 259], are estimated to be O(1 pb)
at EicC. Thus, with an integrated luminosity of 50 fb−1, EicC has an excellent chance to observe
them [324].
Table 1 Estimates of the production rates for selected exotic states in exclusive processes at EicC [27, 28].
An integrated luminosity of 50 fb−1 is assumed. Both the J/ψ and Υ are reconstructed from their decays into
lepton pairs, and the branching fractions have been accounted for in the event estimates.
Exotic states Production, decay processes Detection efficiency Expected events
Pc(4440) ep→ ePc(4440), Pc(4440)→ pJ/ψ ∼30% 20−2200
Pb(narrow) ep→ ePb(narrow), Pb(narrow)→ pΥ ∼30% 0−20
Pb(wide) ep→ ePb(wide), Pb(wide)→ pΥ ∼30% 0−200
χc1(3872) ep→ eχc1(3872)p, χc1(3872)→ pi+pi−J/ψ ∼50% 0−90
Zc(3900)+ ep→ eZ+c (3900)n, Z+c (3900)→ pi+J/ψ ∼60% 90−9300
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Fig. 16 Left panel. Mechanism considered in Ref. [324] for producing charmonium-like states and hidden-
charm pentaquarks that couple strongly to open-charm channels. Right panel. Differential cross-section for the
semi-inclusive production of D0D¯∗0 [277] generated using Pythia [330].
For the bottom sector, one sees that the photoproduction cross section for Υp in the range of
Wγp ∈ [15, 20] GeV is of O(10−2 nb). Correspondingly, the e−p→ e−Υp cross section is of O(0.1 pb).
For an integrated luminosity of 50 fb−1, O(104) Υ events are expected through such an exclusive
process (see also Ref. [175]). Yet, the cross-section in the near-threshold region could be enhanced
owing to the possible existence of hidden-bottom pentaquarks. The study in Ref. [319] shows that
there is good reason to search for Pb at EicC. The inclusive bb¯X cross section is two orders-of-
magnitude higher, leading to the expectation of millions of B-mesons and Λb-baryons. It is desirable
to search for the hidden bottom systems in B(∗)Λb/Σ
(∗)
b final states, if the weak decay particles can
be efficiently detected.
6 Epilogue
Having uncovered the explicit source for . 2% of the mass of visible matter, attention is now shifting
to searches for the origin and the explanation of the remaining & 98%. That emergent hadronic mass
(EHM) is very probably to be found in the strong interaction sector of the SM, i.e. QCD. This is
the purview of hadron physics, which is therefore on the cusp of an exciting period of discovery.
Existing facilities have revealed states and features of strongly interacting systems that were
scarcely imagined in the previous millennium; and new facilities and apparatus promise to take
science further into the heart of strongly interacting matter.
Hadron theory is challenged. Nevertheless, diverse paths of progress are being followed. In key
directions, the tools are reaching a level of maturity that will enable some of the secrets locked in
nonperturbative phenomena to be understood.
Looming largest amongst the challenges to hadron theory is gluon and quark confinement; but
from a modern perspective, this problem does not stand alone. As sketched herein, confinement and
EHM are very likely intimately connected. Their common origin may well be the QCD trace anomaly,
whose strength is expressed in the emergence of GeV-size mass-scales for dressed-gluons and -quarks,
even in the absence of a Higgs mechanism.
The discussion herein has drawn fundamental connections between the QCD trace anomaly and
the spectra and structure of hadrons, which can be tested and strengthened by an array of exper-
iments that are enabled by modern accelerator technology. It has simultaneously argued that the
EicC would be ideally placed in the accelerator landscape to capitalise on modern theory advances
and play a leading role in building a bridge across the last frontier within the SM, viz. in locating
the source of the bulk of visible mass.
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